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A striking neuronal connectivity change in C. elegans
involves the coordinated elimination of existing syn-
apses and formation of synapses at new locations,
without altering neuronal morphology. Here, we
investigate the tripartite interaction between dy-
namic microtubules (MTs), kinesin-1, and vesicular
cargo during this synapse remodeling. We find that
a reduction in the dynamic MT population in motor
neuron axons, resulting from genetic interaction be-
tween loss of function in the conserved MAPKKK
dlk-1 and an a-tubulin mutation, specifically blocks
synapse remodeling. Using live imaging and pharma-
cological modulation of the MT cytoskeleton, we
show that dynamic MTs are increased at the onset
of remodeling and are critical for new synapse forma-
tion. DLK-1 acts during synapse remodeling, and its
function involves MT catastrophe factors including
kinesin-13/KLP-7 and spastin/SPAS-1. Through a
forward genetic screen, we identify gain-of-function
mutations in kinesin-1 that can compensate for
reduced dynamic MTs to promote synaptic vesicle
transport during remodeling. Our data provide in vivo
evidence supporting the requirement of dynamic
MTs for kinesin-1-dependent axonal transport and
shed light on the role of the MT cytoskeleton in facil-
itating neural circuit plasticity.
INTRODUCTION
Neural circuits undergo connectivity changes in response to
various stimuli throughout the lifetime of an organism. Such
changes can occur on many levels, including neurite growth
and pruning, synapse formation and elimination, as well as
strengthening and weakening of existing synapses [1]. Such
structural plasticity is highly dependent on the cytoskeletal archi-
tecture of the neuron. Microtubules (MTs) are essential for
neuronal polarity, neurite outgrowth, and guidance [2]. Studies
of the Drosophila neuromuscular junction (NMJ), where MTs
form loops within terminal synaptic boutons, have shown that
microtubule-associated proteins (MAPs) like Futsch [3, 4] and1594 Current Biology 25, 1594–1605, June 15, 2015 ª2015 Elsevier LSpartin [5] regulate synapse growth by modulating MT stability.
In the mammalian CNS, many synapses are formed en passant
along the axons of neighboring nerve processes [6]. In such neu-
rons, whereMTs generally run parallel to synapse boutons within
the axon, how MTs affect synapse formation and maintenance
remains to be understood.
In this study, we investigated how MTs affect the develop-
mental rewiring ofC. elegansGABAergic dorsal D-type (DD) neu-
rons, referred to as DD remodeling [7]. Six DDmotor neurons are
positioned along the ventral nerve cord (VNC) and extend neu-
rites in the VNC and the dorsal nerve cord (DNC), connected
by circumferential commissures [8]. In the first larval (L1) stage,
DD neurons form en passant synapses with the ventral body
wall muscles. By the end of the second larval (L2) stage, these
ventral synapses are eliminated, and new synapses are formed
onto the dorsal body wall muscles, which are maintained for
the rest of the lifetime of the animal [8–11]. Importantly, the re-
modeling of synapses does not involve changes in axon
morphology [10]. Thus, the elimination and reformation of synap-
ses would possibly require the coordinated action of vesicular
sorting and transport pathways, together with modifications in
the underlying cytoskeleton. Recent work has shown a cyclin-
dependent kinase functions to promote new synapse formation
in the dorsal neurites of the DD neurons, via the regulation of mo-
tor proteins UNC-104 (Kinesin-3) and DHC-1(Dynein) [11]. How-
ever, whether cytoskeletal changes are necessary for DD remod-
eling remains unknown.
The conserved DLK (Dual-Leucine zipper bearing MAP3K)
family of kinases (DLK-1 in C. elegans) regulates several aspects
of neuronal development and maintenance, including synapse
and axon development, neuronal survival, and axon regenera-
tion [12–18]. In C. elegans, DLK-1 regulates synapse develop-
ment, neurite outgrowth, and regeneration via a p38 MAP kinase
pathway, with the transcription factor CEBP-1 as a downstream
target [12, 13]. Additionally, MAPs such as the kinesin-13 homo-
log klp-7 [15] have also been implicated in DLK-1 signaling in
developing and mature neurons.
Recent studies in a variety of neuronal models have identified
context-specific roles of DLK homologs in regulating MTs [16–
18]. Here, using a gain-of-function mutation in a-tubulin (desig-
nated tba-1(gf)) [19] to perturb the MT cytoskeleton in animals
lacking DLK-1 activity (designated dlk-1(0)), we have uncovered
a specific role for DLK-1 and dynamic MTs in synapse remodel-
ing. Remodeling is blocked in tba-1(gf) dlk-1(0) double mutants,
and transient expression of dlk-1 during DD remodeling istd All rights reserved
sufficient to establish new synapses. Upregulation of MT dy-
namics is correlated with the onset of synapse remodeling,
and increasing the number of dynamicMTs can rescue the block
in remodeling in tba-1(gf) dlk-1(0). We further identified novel ki-
nesin-1mutations that facilitate synaptic vesicle transport during
remodeling in tba-1(gf) dlk-1(0), likely through an increase in the
MT binding affinity of the motor. Our findings demonstrate that
dynamic MTs promote neural circuit remodeling, independent
of neurite outgrowth.
RESULTS
DD Remodeling Depends on the MT Cytoskeleton and
DLK-1
tba-1(ju89) (tba-1(gf)) is a gain-of-function mutation that converts
a glycine residue to arginine (G414R) in the C-terminal H11-H12
loop of the a-tubulin TBA-1, causing amild disruption of synapse
morphology and a reduction in synapse number [19]. To test
whether tba-1(gf) also affected DD remodeling, we examined
the localization pattern of a DD neuron-specific synaptic marker
(juIs137: Pflp-13-SNB-1::GFP). In wild-type (WT) animals grown at
20C, DD remodeling was completed by the end of the L2 stage
(28 hr post-hatching, hph), but in tba-1(gf) animals, remodeling
was not completed until adulthood (56 hph) (Figure S1A),
suggesting that an altered MT cytoskeleton delayed synapse
remodeling.
To understand how MTs regulate synapse remodeling, we
searched for genetic interactors of tba-1(gf). We found that
loss of the MAPKKK DLK-1 (dlk-1(0)), together with tba-1(gf),
resulted in a striking synergistic effect on DD remodeling. In
L1 animals of WT, tba-1(gf), dlk-1(0) single mutants, and tba-
1(gf) dlk-1(0) double mutants, DD neurons formed synapses
along the VNC (Figures 1A and 1C). By the adult stage, DD neu-
rons in animals of WT, tba-1(gf) and dlk-1(0) single mutants re-
modeled their synapses and formed new synapses along the
DNC (Figures 1B and 1C). In contrast, tba-1(gf) dlk-1(0) adults
showed a complete lack of synaptic puncta in the DNC and re-
tained synaptic puncta in the VNC (Figures 1B and 1C). In >80%
of adult tba-1(gf) dlk-1(0) animals, synaptic puncta were also re-
tained in the commissures of DD neurons (n > 50 animals) (Fig-
ure 1B), suggestive of a failure in synaptic vesicle transport. tba-
1(gf) animals exhibit mild axon outgrowth defects [19], which
were not enhanced by dlk-1(0) (Figures S1C and S1D), indi-
cating that the synapse remodeling defect of tba-1(gf) dlk-1(0)
was not caused by defects in axon outgrowth. The failure in
DD remodeling in tba-1(gf) dlk-1(0) was also observed using
markers for other presynaptic components, including SAD-1
and RAB-3 (Figure S1G). However, the gross clustering pattern
of postsynaptic GABAA receptors (UNC-49) in the dorsal mus-
cles was normal in tba-1(gf) dlk-1(0) (Figure S1G), indicating
that the failure in synapse remodeling was restricted to presyn-
aptic terminals.
To further characterize the anatomical changes in DD neuron
presynaptic terminals, we performed ultrastructural analyses of
DD neuron processes in young L1 and adult animals, identified
by their stereotypic position within the nerve cords [8]. We
observed comparable numbers of en passant DD neuron synap-
ses (defined as synaptic vesicles clustered around an electron-
dense region called active zone) in the VNC of L1 WT and tba-Current Biology 25, 1591(gf) dlk-1(0) animals (6 synaptic boutons/10 mm; n = 2 animals
per genotype). In contrast, while the DNCof twoWT adults (serial
reconstruction of 8 mm of DD neurites) contained 5 and 7 DD
synaptic boutons, we observed only one dorsal synaptic bouton
in each of the tba-1(gf) dlk-1(0) animals reconstructed, and the
boutons also contained significantly fewer vesicles than WT
animals (Figures 1D and 1E). The VNC of adult WT animals did
not contain any synaptic vesicles in the DD neurite, but we
observed a few synaptic vesicle clusters in tba-1(gf) dlk-1(0)
animals. These studies provide further evidence that DD remod-
eling is severely impaired in tba-1(gf) dlk-1(0) animals.
The block in DD remodeling caused a distinct behavioral
deficit in adult tba-1(gf) dlk-1(0) animals. tba-1(gf) animals exhibit
altered locomotion with reduced velocity and sinusoidal ampli-
tude [19], compared to WT or dlk-1(0) animals (Figures 1F and
S1B). tba-1(gf) dlk-1(0) double mutant animals displayed a
curved body shape during forward locomotion (Figure 1F) and
coiled dorsally when prompted to move backward (Movie S1).
This synergistic interaction was specific to dlk-1(0) and tba-
1(gf), as tba-1(0) and tba-1(0) dlk-1(0) animals showed no detect-
able defects in locomotion and DD synapses (Figures S1E and
S1F). Moreover, expression of WT dlk-1 or tba-1 in the D motor
neurons rescued the dorsal coiling and synapse remodeling de-
fects in tba-1(gf) dlk-1(0) (Figures 1G and 1H), consistent with
previous conclusions that DLK-1 and TBA-1 act cell autono-
mously [12, 19]. Together, these data identify a previously un-
known role for dlk-1 and the MT cytoskeleton in promoting DD
remodeling.
DLK-1 Promotes New Synapse Formation during DD
Remodeling
We next addressed how the timing of DD remodeling was
affected by tba-1(gf) and dlk-1(0) through developmental time
course studies. In WT animals (grown at 20C), synapses of
DD neurons initially formed with ventral body wall muscles
were eliminated starting in late L1, and new synapses were
formed with dorsal body wall muscles by late L2 [9–11] (Fig-
ure 2A). dlk-1(0) animals displayed a short delay in forming new
synapses in the dorsal neurites of DD neurons, resembling the
delay seen in tba-1(gf) animals (Figures 2A and S1A). In tba-
1(gf) dlk-1(0) animals, a few dorsal synaptic puncta of reduced in-
tensity were present from the L2 to L4 stage, but adult animals
lacked detectable synapses in the dorsal DD processes (Figures
2A and 2B).
To test the temporal requirement for dlk-1 activity during DD
remodeling, we induced its expression at different develop-
mental stages using a heat shock promoter-driven dlk-1
construct. Inducing dlk-1 expression in larval or adult WT ani-
mals did not cause remodeling defects (Figure 2C). When
dlk-1 was induced in tba-1(gf) dlk-1(0) during DD remodeling
(22 hph), >70% of the animals eliminated synapses to the
ventral body muscles and formed new synapses with dorsal
body wall muscles, which were maintained to adulthood (Fig-
ures 2C and 2D). Moreover, dlk-1 induction in any other devel-
opmental stage did not result in the retention of transient syn-
apses observed in the dorsal DD neuron processes of L2–L4
tba-1(gf) dlk-1(0) animals (Figures 2A and 2B), indicating that
dlk-1 activity was primarily required for formation, not mainte-
nance, of new synapses (Figures 2C and 2D).Thus, transient4–1605, June 15, 2015 ª2015 Elsevier Ltd All rights reserved 1595
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expression of dlk-1 in the L2 stage is required for establishing
new synapses during DD remodeling.
DLK-1 Regulates DD Remodeling through p38/PMK-3
and MT Catastrophe Factors
Previous studies have established that DLK-1 signals via the p38
MAP kinase PMK-3, the MAPK-activated kinase MAK-2, and
the transcription factor CEBP-1 to coordinate synapse forma-
tion [12, 13]. To test whether DLK-1 acts through the same
downstream genes to promote DD remodeling, we constructed
double mutants of tba-1(gf) with pmk-3(0), mak-2(0) and cebp-
1(0). tba-1(gf); pmk-3(0) completely blocked DD remodeling
and retained synaptic puncta in the VNC, indistinguishable
from tba-1(gf) dlk-1(0) animals (Figures 3A and 3D). tba-1(gf);
pmk-3(0) animals also coiled dorsally during backward move-
ment like tba-1(gf) dlk-1(0) animals (data not shown). However,
in tba-1(gf); mak-2(0) and tba-1(gf); cebp-1(0) adult animals, we
observed DD synaptic puncta in the DNC, and the number of
synapses in the double mutant animals was similar to that of
tba-1(gf) single mutants (Figure S2A). Thus, DD remodeling pro-
ceeded normally in cebp-1 ormak-2mutant animals, suggesting
that DLK-1 functions through other downstream genes.
The MT depolymerizing kinesin-13 (KLP-7) was previously
found to act downstream of the DLK-1 pathway in axon regener-
ation [15]. To test whether KLP-7 acted in synapse remodeling,
we examined its interaction with tba-1(gf). tba-1(gf); klp-7(0) dou-
ble mutants displayed impaired DD remodeling, partially resem-
bling tba-1(gf) dlk-1(0) (Figures 3B and 3D). The partial remodel-
ing defects of the tba-1(gf); klp-7(0) animals also suggested that
the DLK cascade might act via multiple MAPs in regulating syn-
apse remodeling. We further tested several other MAPs and
found that loss of the MT-severing protein spastin (SPAS-1)
[20] also synergized with tba-1(gf) to impair DD remodeling (Fig-
ures 3C and 3D), whereas loss of MT-stabilizing proteins like
doublecortin (ZYG-8) [21] and EMAP (ELP-1) [22] did not (data
not shown). Taken together, these results suggest that DLK-1
acts through PMK-3 and MT catastrophe factors like KLP-7
and SPAS-1 to regulate DD remodeling.
Dynamic MTs Are Reduced in tba-1(gf) dlk-1(0)
To understand how the interaction between tba-1(gf) and dlk-
1(0) affected the MT cytoskeleton, we first assessed gross
changes in MT composition. Analyses of whole-mount immuno-
staining using antibodies against total tubulin and a variety of MT
post-translational modifications (MT-PTMs) [23] showed no sig-
nificant changes in the nerve cords of tba-1(gf) dlk-1(0) (Figures
S3A–S3E), although subtle changes in DD neurons could be
masked by the staining in other neurites in the nerve cords [8].Figure 1. tba-1(gf) dlk-1(0) Animals Are Defective in DD Remodeling
(A and B) Representative images of DD synapses (Pflp-13-SNB-1::GFP [juIs137]) in
white asterisks indicate DD cell bodies in the VNC; and dashed white line indica
(C) Quantification of synaptic puncta in the VNC and DNC of L1 (left) and adult (r
one-way ANOVA followed by Tukey’s posttest; ***p < 0.001, not significant (ns).
(D) Representative EM sections of DD neuron processes in the DNC. Axonal pro
(E) Quantification of the number of synaptic vesicles in DD synapse boutons (sect
boutons (on graph). Statistics: unpaired t test with Welch’s correction; **p < 0.01
(F) Bright-field images of the typical body posture on food. White arrow represen
(G and H) Cell-autonomous rescue of the behavioral (G) and synapse remodeling
mean ± SEM; n = 30 animals per genotype. Statistics: one-way ANOVA followed
Current Biology 25, 159To directly visualize MTs in DD neurons, we next examined the
ultrastructure of theMT cytoskeleton preserved using high-pres-
sure freeze fixation. We collected transverse sections of both the
VNC and the DNC. In WT and dlk-1(0) animals, MTs predomi-
nantly ran longitudinally along the axon, their cross-section ap-
pearing as concentric circles in transverse sections (Figure S4A).
In tba-1(gf) animals, we observed an additional population of mi-
soriented MTs, oriented parallel to transverse sections (Figures
S4A and S4B). In tba-1(gf) dlk-1(0), there was an overall increase
in the number of axonal MTs (Figure 4B), but there were signifi-
cantly fewermisorientedMTs than in tba-1(gf) alone (Figure S4B).
Therewas also a 2-fold increase in the number of synapticMTs in
tba-1(gf), dlk-1(0) and tba-1(gf) dlk-1(0) when compared to WT
(Figure 4B). We further analyzed MT length and continuity by se-
rial reconstructions of 8 mmof the dorsal DD process (Figure 4A).
MTs parallel to the axon were reconstructed as continuous
tracks, while misoriented MTs were not continuous in adjacent
sections and could not be reconstructed. Noticeably, tba-1(gf)
dlk-1(0) showed a significant increase in the length of continuous
MT tracks compared to WT animals (Figures 4C and S4A).
To test how the increase in MT length and number observed in
fixed electron microscopy (EM) samples affected MT dynamics
in tba-1(gf) dlk-1(0), we imaged MT growth using fluorescently
tagged EBP-2 (Punc-25EBP-2::GFP). End-binding proteins
(EBPs) like EBP-2 transiently bind to the plus ends of growing
(dynamic) MTs [15, 24]. EBP-2::GFP movement was recorded
inmovies and analyzed as tracks on kymographs (Movie S2; Fig-
ures 4E and 4F). We analyzed kymographs from both the prox-
imal and distal DD neurites in the VNC of adult animals. As the
unc-25 promoter labels both DD and ventral D-type (VD) neu-
rons, these kymographs also included information from the prox-
imal VD neurites (Figure 4D). The EBP-2::GFP track velocity, run
length, direction, and number were equivalent in both proximal
and distal neurites, so the data were pooled for further analysis.
We observed a striking reduction in the number of EBP-2::GFP
tracks in tba-1(gf) dlk-1(0) compared to WT animals (Figures 4F
and 4H), even as the steady-state fluorescence intensity of
EBP-2::GFP was indistinguishable between WT and tba-1(gf)
dlk-1(0) (Figures S4C and S4D). The reduction in dynamic MTs
was not restricted to the VNC; the number of tracks in the com-
missures and DNC were also reduced in tba-1(gf) dlk-1(0) (Fig-
ures S4E–S4H and data not shown). The run length of EBP-
2::GFP tracks was increased in tba-1(gf) dlk-1(0) (Figure 4I) while
MT growth velocity was reduced (Figure 4J), indicative of more
persistent MT growth than WT. The reduction in EBP-2::GFP
tracks, together with the increased number and length of MTs
observed in fixed EM samples, indicates a loss in balance in
the number of stable and dynamic MTs in tba-1(gf) dlk-1(0).L1 and adult animals. White arrows indicate the location of synaptic vesicles;
tes the location of DNC in tba-1(gf) dlk-1(0). Scale bars represent 10 mm.
ight) animals. Data are mean ± SEM; n = 10 animals per genotype. Statistics:
cess of a DD neuron is outlined in red. Scale bars represent 100 nm.
ions containing an active zone). Data are mean ± SEM; n = number of synapse
.
ts bent tail in tba-1(gf) dlk-1(0). The scale bar represents 200 mm.
(H) defects of tba-1(gf) dlk-1(0) using Punc-25-driven TBA-1 or DLK-1. Data are
by Tukey’s posttest; **p < 0.01, ***p < 0.001. See also Figure S1.
4–1605, June 15, 2015 ª2015 Elsevier Ltd All rights reserved 1597
AB
D
C
Figure 2. DLK-1 Is Required for Establishing
Dorsal Synapses during DD Remodeling
(A) Top: progress of DD remodeling at 20C from
L1 (6 hph) to adult stages (56 hph) using juIs137. V
indicates synaptic puncta observed only along the
VNC; V + D indicates synaptic puncta observed
along both the VNC and DNC; and D indicates
synaptic puncta only along the DNC. n = 10 ani-
mals per genotype for each time point. Bottom:
schematic of DD remodeling. In WT, DD synapses
are completely ventral (V) in the L1 stage, V + D in
the L2 stage, and then completely dorsal (D) after
the L3 stage.
(B) juIs137 intensity in the DNC during remodeling
in WT and tba-1(gf) dlk-1(0) animals. Data are
mean ± SEM; n = 6 animals for each genotype per
time point. Statistics: two-way ANOVA followed by
Bonferroni posttests; *p < 0.05, **p < 0.01.
(C) Rescue of DD remodeling defects in adult
worms upon induction of DLK-1 at various larval
stages in WT and tba-1(gf) dlk-1(0). n = 20 animals
per genotype for each time point.
(D) Representative images of synapse location in
an adult tba-1(gf) dlk-1(0) animal with no DLK-1
induction, DLK-1 induction at L2 stage (22 hph),
and DLK-1 induction at early L3 stage (28 hph).
White arrows indicate the location of synaptic
vesicles; dashed white lines indicate the DNC; and
white asterisks indicate DD cell bodies. The scale
bar represents 10 mm.An Increase in Dynamic MTs Facilitates DD Remodeling
To address whether changes inMT dynamics correlated with DD
remodeling, we imaged EBP-2::GFP in L1 animals before and af-
ter the onset of DD remodeling (6–8 hph and 12–14 hph, respec-
tively; Figures 5A–5E). The VDneuronswere not born at both time
points, allowing us to assay changes in MT dynamics only in the
DD neurites. Before DD remodeling,WT and tba-1(gf) dlk-1(0) an-
imals hadsimilar numbers of EBP-2::GFP tracks (Figures5B–5D).
At the onset of DD remodeling, WT animals showed a significant
increase in the number of growing MTs (Figures 5B and 5D). In
contrast, we observed no significant difference in MT dynamics
in tba-1(gf) dlk-1(0) before and after the onset of remodeling (Fig-
ures 5C and 5D). We also found that in the ventral DD processes
of both larval (Figure 5E) and adult (Figure 4G) animals, >80% of
the EBP-2::GFP tracks moved in the anterograde direction, indi-1598 Current Biology 25, 1594–1605, June 15, 2015 ª2015 Elsevier Ltd All rights reservedcating that MT polarity in DD neurons was
unchanged during remodeling. These
data suggest that changes in MT dy-
namics, but not polarity, are necessary
for DD remodeling.
We then asked whether altering MT dy-
namics could directly affect DD remodel-
ing. Nocodazole is an MT destabilizing
drug shown to be effective in C. elegans
motor neurons [25].We treated L1 animals
with 10 mM nocodazole before DD remod-
eling and then placed them on drug-free
plates until adulthood. The number of dy-
namicMTswas increased in adult animalsfollowing nocodazole treatment, while MT polarity was un-
changed compared to control animals (Figures 5H–5J). Adult
DD neurons in nocodazole-treated WT animals also formed syn-
apses along the DNC (Figures 5F and 5G). Importantly, in tba-
1(gf) dlk-1(0), such acute nocodazole treatment significantly
rescued the failure in DD remodeling, with fewer synaptic puncta
retained along the VNC and increased synaptic puncta along the
DNC, compared to control animals (Figures 5F and5G). Together,
thesefindingssupportaconclusion that an increase in thenumber
of dynamic MTs in DD neurons promotes synapse remodeling.
Gain-of-Function Kinesin-1 Mutations Suppress the DD
Remodeling Defects of tba-1(gf) dlk-1(0)
To gain further insight into how MT dynamics regulate DD
remodeling, we screened for ethyl methyl sulphonate
AB C D
Figure 3. DLK-1 Signals through PMK-3,
and Partly via KLP-7 and SPAS-1, in Promot-
ing DD Remodeling
(A–C) Images of DD neuron synapses (juIs137) in
genotypeas indicated.White asterisksmarkDDcell
bodieson the VNC. The scalebar represents10mm.
(D) Quantification of synaptic puncta in ventral and
dorsal DD neurites. Data are represented as
mean ± SEM; n = 10 animals per genotype. Sta-
tistics: one-way ANOVA followed by Tukey’s
posttest; ***p < 0.001, ns. See also Figure S2.(EMS)-induced mutations that suppressed the synaptic and
behavioral defects of tba-1(gf) dlk-1(0). We identified two muta-
tions (ju972 and ju977) (Figures 6A–6C) that affect the gene
unc-116, the heavy chain of the anterograde motor KIF5/kine-
sin-1. ju972 alters a conserved Gly274 to Arg in the motor
domain, and ju977 alters a conserved Glu432 to Lys in the
coiled-coil Rod 1 domain, which acts as a flexible hinge affecting
motor motility [26] (Figures 6C and S5A).
We rescued the suppression of the behavioral and synaptic
defects of tba-1(gf) dlk-1(0) by ju972 and ju977 by overexpress-
ing WT UNC-116 (Figures 6D and 6E). Conversely, overexpres-
sion of UNC-116(G274R) and UNC-116(E432K) in tba-1(gf) dlk-
1(0) suppressed both behavioral and synaptic defects (Figures
6D and 6E). These results demonstrate that unc-116(ju972) and
unc-116(ju977) cause the behavioral and synaptic suppression
of tba-1(gf) dlk-1(0). The reduction in synapse number seen in
tba-1(gf) alone was not suppressed by either unc-116(ju972)
or unc-116(ju977) (Figures 6A and 6B), and neither mutation
showed any effect in dlk-1(0) (Figures 6A and 6B). Together,
these genetic data show that the unc-116 mutations specif-
ically suppress the synergistic remodeling defects of tba-1(gf)
dlk-1(0).
Previously characterized unc-116 alleles range from being
mildly uncoordinated to almost paralyzed, with severe defects
in synapse development and organelle trafficking [27, 28]. In
contrast, unc-116(ju972) and unc-116(ju977) showed WT loco-
motion and normal GABAergic synapse development (Figures
6A and 6B and data not shown). Both alleles also complemented
other hypomorphic unc-116 alleles in locomotion and synapse
development (data not shown). Moreover, analysis of immuno-
staining for endogenous UNC-116 revealed no discernable
changes in protein localization in these twomutants (Figure S5B).
These data indicate that both ju972 and ju977 are gain-of-func-
tion mutations of unc-116 (designated as unc-116(gf)).
Several unc-116 loss-of-function alleles, including unc-
116(e2310), decrease MT transport and alter MT polarity in
C. elegans bipolar dorsal A (DA) type motor neurons [28]. How-
ever, we found that unc-116(e2310) did not suppress the behav-
ioral or synaptic remodeling defects of tba-1(gf) dlk-1(0) animals
(data not shown). Imaging of EBP-2::GFP in unc-116(ju972) re-
vealed no effect on MT polarity in DD neurons (Figures S5C
and S5D) or increase in the number of dynamic MTs in tba-
1(gf) dlk-1(0) (Figures S5C and S5E). Thus, these observationsCurrent Biology 25, 1594–1605, June 15, 2015suggest that the unc-116(gf) mutations
do not alter neuronal MTs in DD neurons
and instead compensate for the DD re-modeling defect in tba-1(gf) dlk-1(0) through a different
mechanism.
To understand how the unc-116(gf) mutations might affect ki-
nesin-1 function and suppress tba-1(gf) dlk-1(0), we modeled
the motor domain of UNC-116. We found that G274 (mutated
to arginine in unc-116(ju972)) was a conserved residue in the
MT-binding domain (L12/a5) of the motor [29] (Figure 7A) and
could potentially affect MT-motor affinity. A previous alanine
scan of the MT-binding domain of human kinesin-1 found that
mutating residueGlu270 (Glu273 in UNC-116) to alanine resulted
in increased affinity of the motor domain to MTs [29]. Since
Glu273 is next to Gly274, we attempted to phenocopy the sup-
pression of tba-1(gf) dlk-1(0) by unc-116(gf) using UNC-
116(E273A). tba-1(gf) dlk-1(0) animals that expressed UNC-
116(E273A) remodeled their DD synapses to a similar extent as
animals that transgenically expressed UNC-116(G274R) or con-
tained unc-116(ju972) (Figure 7B). As a control, overexpressing
WT UNC-116 did not rescue the DD remodeling defect of tba-
1(gf) dlk-1(0). These observations suggest that the suppressing
activity of the unc-116(gf) alleles on tba-1(gf) dlk-1(0) could be
due to increased MT-motor affinity that compensated for the
MT defects in tba-1(gf) dlk-1(0) animals.
Synaptic Vesicle Transport during Remodeling Requires
Dynamic MTs
Anterograde motors of the kinesin superfamily drive axonal
transport of various membrane organelles, including synaptic
vesicle precursors [30]. The kinesin motors of the kinesin-3
subfamily (UNC-104 in C. elegans) are generally thought to be
the major motors involved in axonal synaptic vesicle precursor
transport. Indeed, reducing unc-104 function completely blocks
synaptic vesicle precursor transport in C. elegans [31]. Howev-
er, multiple studies also show that kinesin-1 motors regulate
synaptic vesicle precursor transport [24, 27]. To test the inter-
action of unc-116(gf) with unc-104 in synaptic vesicle transport,
we constructed unc-104(lf); unc-116(ju972) and unc-104(lf);
unc-116(ju977) double mutant animals. We observed that the
synaptic vesicle transport defects of unc-104(lf) animals were
partially suppressed by both unc-116(gf) alleles, indicated by
the increase in synaptic puncta along the VNC (Figures 7C
and 7D), suggesting that unc-116(gf) could play a direct role
in synaptic vesicle transport. We then hypothesized that the
unc-116(gf) alleles might compensate for the block in synapticª2015 Elsevier Ltd All rights reserved 1599
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Figure 4. Dynamic MTs Are Reduced in tba-
1(gf) dlk-1(0)
(A) Serial reconstruction of the dorsal processes of
DD neurons in WT (8 mm) and tba-1(gf) dlk-1(0)
(7.5 mm). Represented in blue are MTs, and in
black are active zones of presynaptic terminals. MT
ends are indicated by black arrows.
(B) MTs in DD neuron axonal (sections with no
active zones) and synaptic (sections with active
zones) sections. Data are mean ± SEM; n = number
of sections for each genotype (graph). Statistics:
two-way ANOVA followed by Bonferroni posttest;
***p < 0.001, ns.
(C) MT length in the DNC of WT and tba-1(gf) dlk-
1(0)DD neurons. Data are mean ± SEM; n = number
of MTs (graph). Statistics: unpaired t test with
Welch’s correction; **p < 0.01.
(D) Schematic representation of EBP-2::GFP tracks
(red) in the VNC of adult DD (black) and VD (gray)
neurons, with proximal (blue) and distal (yellow)
neurites used for imaging.
(E and F) Representative kymographs of MT dy-
namics from proximal (blue outline) and distal (yel-
low) DD neurites in WT (E) and tba-1(gf) dlk-1(0) (F)
adults. Red line indicates a single EBP-2::GFP track
moving in the anterograde direction. Vertical lines
on the kymographs are caused by intensity differ-
ences of EBP-2::GFP along the VNC and appear
more prominent in tba-1(gf) dlk-1(0), likely due to
the detection of fewer EBP-2::GFP tracks.
(G–J) Quantification of direction of movement (G),
number (H), run length (I), and velocity (J) of EBP-
2::GFP tracks in the proximal and distal neurites.
Data are mean ± SEM; n = number of animals in (G)
and (H) and number of EBP-2::GFP tracks in (I) and
(J). Statistics: unpaired t test (with Welch’s correc-
tion for I); ns, ***p < 0.001, *p < 0.05, **p < 0.01. See
also Figures S3 and S4.vesicle precursor transport resulting from the loss of dynamic
MTs in tba-1(gf) dlk-1(0). To test this idea, we assayed synaptic
vesicle transport in DD neuron commissures during remodeling
(14–18 hph). In WT animals, we observed SNB-1::GFP-labeled
vesicles moving in anterograde (toward the DNC) and
retrograde directions, with a strong anterograde bias (Movie
S3; Figures 7E–7G). The average velocity (1.1 mm/s) and pro-1600 Current Biology 25, 1594–1605, June 15, 2015 ª2015 Elsevier Ltd All rights reservedportion of anterogradely moving vesicles
was unchanged in tba-1(gf) dlk-1(0) and
tba-1(gf) dlk-1(0); unc-116(ju977) animals,
compared to WT (Figure 7G). Interest-
ingly, there was a significant reduction
in the number of mobile vesicles in tba-
1(gf) dlk-1(0), which was reversed in tba-
1(gf) dlk-1(0); unc-116(ju977) (Figure 7H),
indicating that tba-1(gf) dlk-1(0) altered
kinesin-1 movement to affect synaptic
vesicle transport during remodeling.
Since the loss of dynamic MTs was
responsible for defective synapse remod-
eling in tba-1(gf) dlk-1(0), we conclude
that dynamic MTs promote kinesin-1-dependent synaptic vesicle transport during synapse
remodeling.
DISCUSSION
Synapse remodeling is an essential process in the development
of mature neuronal circuits in many animals, including humans
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Figure 5. DD Remodeling Requires Dy-
namic MTs
(A) Timeline of DD remodeling at 20C.
(B and C) Representative kymographs of MT dy-
namics in WT and tba-1(gf) dlk-1(0) before (6–8
hph) and after (12–14 hph) the onset of DD re-
modeling. Red line represents a single EBP-2::GFP
track moving in the anterograde direction. The
horizontal white line on the left kymograph in (C) is
caused by a twitch of the animal during imaging.
(D and E) Quantification of the number (D) and di-
rection of movement (E) of EBP-2::GFP tracks in
WT and tba-1(gf) dlk-1(0) animals before and dur-
ing DD remodeling. Data are mean ± SEM; n =
number of animals, shown in (D). Statistics: one-
way ANOVA followed by Tukey’s posttest; ***p <
0.001, ns.
(F) DD synapses (juIs137) in the VNC and DNC of
WT and tba-1(gf) dlk-1(0) adults after acute 10 mM
nocodazole treatment before DD remodeling.
White asterisks represent DD cell bodies. The
scale bar represents 10 mm.
(G) Quantification of synaptic puncta in ventral and
dorsal neurites of DD neurons after acute treat-
ment with nocodazole or control buffer (M9). Data
are mean ± SEM; n = 10 animals per genotype for
each drug treatment. Statistics: one-way ANOVA
followed by Tukey’s posttest; *p < 0.05, **p < 0.01.
(H) Representative kymographs of EBP-2::GFP
movement in the adult VNC of M9- and nocoda-
zole-treated animals. Red line represents a single
EBP-2::GFP track moving in the anterograde
direction.
(I and J) Quantification of direction of movement (I)
and number (J) of EBP-2::GFP tracks. Data are
mean ± SEM; n = number of animals, shown in (I).
Statistics: unpaired t test; **p < 0.01, ns.[32]. However, whether cytoskeletal changes underlie the coor-
dinated elimination and formation of synapses has not been
well addressed. Synapse remodeling in C. elegans DD neurons
is a precisely timed process, with synaptic connectivity changes
achieved in the complete absence of neurite remodeling [7, 10].
Using this model, we have discovered that dynamic MTs are
required for coordinating motor movement and synaptic vesicle
transport during circuit rewiring.
By imaging MT growth, we show that while the ventral pro-
cess of the DD neuron switches from an axonal to a dendriticCurrent Biology 25, 1594–1605, June 15, 2015identity during remodeling, MT polarity
remains plus end out, typically an axonal
polarity for many organisms [2]. Instead,
our data reveal that changes in MT sta-
bility are critical for DD remodeling. An
increase in dynamic MTs in WT animals
correlated with the onset of DD remodel-
ing. In contrast, tba-1(gf) dlk-1(0) animals
showed no change in the number of dy-
namic MTs in the same developmental
time window and were defective in DD
remodeling. Ultrastructural analysis
suggests that the loss of dynamic MTs
in tba-1(gf) dlk-1(0) is likely due toincreased MT stability. Supporting this idea, acute nocodazole
treatment, which resulted in increased MT dynamics, could
rescue defective DD remodeling in tba-1(gf) dlk-1(0). Although
MTs in mature axons are predominantly stable, it is being
increasingly appreciated that dynamic MTs are important for
a variety of neuronal processes, including axon regeneration
[15, 33], dendritic spine growth [34], and memory formation
[35]. Our studies reveal a specific role for dynamic MTs in
modulating plasticity of presynaptic terminals, independent of
axon outgrowth.ª2015 Elsevier Ltd All rights reserved 1601
A B
C
D E
Figure 6. Gain-of-Function Kinesin-1 Muta-
tions Suppress tba-1(gf) dlk-1(0)
(A) DD synapses in the adult DNC using Punc-25-
SNB-1::GFP (juIs1). The scale bar represents
10 mm.
(B) Quantification of DD synapses in the DNC. Data
are mean ± SEM; n = 10 animals per genotype.
Statistics: one-way ANOVA followed by Tukey’s
posttest; ***p < 0.001, ns.
(C) UNC-116 protein domains: G274R (green;
ju972), E432K (blue; ju977).
(D and E) Rescue of behavioral (D) and synaptic (E)
defects of tba-1(gf) dlk-1(0) by transgenes ex-
pressing ju972 or ju977. Data are mean ± SEM;
n = 30 animals per genotype. Statistics: one-way
ANOVA followed by Tukey’s posttest; ***p < 0.001,
ns. See also Figure S5.The DLK family of kinases regulates many aspects of nervous
system development and response to injury [12–18]. The idea
that DLK-1 is triggered by cytoskeletal instability has been docu-
mented in a variety of contexts [16, 18]. By genetically altering
the MT cytoskeleton using tba-1(gf), we find that dlk-1 is neces-
sary for DD remodeling. Transient activation of dlk-1 at the onset
of remodeling promotes the formation of new synapses during
DD remodeling, which are maintained to adulthood. It is inter-
esting to note that a few synaptic vesicles were transiently
observed in the DNC of tba-1(gf) dlk-1(0) animals in the late larval
stages. It is likely that the stabilization and maintenance of new
synaptic sites is dependent on the transport of sufficient
numbers of vesicles, consistent with similar findings in cultured
mammalian neurons [36, 37]. Moreover, induction of dlk-1
expression in the late larval stages did not cause the stabilization
of nascent dorsal synapses in tba-1(gf) dlk-1(0), implying that
dlk-1 is not involved in the maintenance of new synapses. We
propose that transient activation of DLK-1, through its target1602 Current Biology 25, 1594–1605, June 15, 2015 ª2015 Elsevier Ltd All rights reservedp38/PMK-3, regulates the activity of MT
catastrophe factors like KLP-7 and
SPAS-1 in the upregulation of dynamic
MTs to promote new synapse formation.
Synaptic plasticity relies on regulated
axonal transport of synaptic components
along MTs, and a key player in this pro-
cess is kinesin-1 [38, 39]. We identified
novel kinesin-1 mutations that suppress
the DD remodeling defects in tba-1(gf)
dlk-1(0) animals, without altering their
MT composition. Our data suggest that
these gain-of-function kinesin-1 alleles in-
crease the MT-binding affinity and, in
turn, the processivity of the motor to
compensate for reduced synaptic vesicle
transport in tba-1(gf) dlk-1(0). Modifica-
tions in MT-motor affinity have important
consequences in disease pathology, as
mutations in the mammalian kinesin
Kif21A that alter MT-motor binding have
been found to cause oculo-motor axon
stalling [40]. A recent study also reportedthat an increase in the overall negative charge of the C-terminal
H12 helix of anotherC. elegans a-tubulin, MEC-12, increased the
MT-binding affinity of the minus-end-directed motor dynein, re-
sulting in synaptic vesicle mistargeting in mechanosensory neu-
rons [41]. This result differs from our findings in that an increase
in the positive charge of the kinesin-1motor suppresses synaptic
vesicle trafficking defects of tba-1(gf) dlk-1(0) double mutants,
even though tba-1(gf) increases the net positive charge of the
H12 helix. However, we note that neither G274R nor E432K mu-
tations, located on the motor head and coiled-coil Rod 1 domain
of kinesin-1, respectively, show any effect on tba-1(gf) singlemu-
tants, and both suppress tba-1(gf) dlk-1(0) to the same extent.
Hsu et al. [41] also observed that simply increasing the overall
positive charge of the H11-H12 loop, using a MEC-12(G416R)
mutation, did not significantly change synaptic vesicle targeting
in the mechanosensory neurons, consistent with our findings.
We speculate that the loss of dynamic MTs in tba-1(gf) dlk-1(0)
affects MT-motor interactions more profoundly than tba-1(gf)
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Figure 7. unc-116(gf) Increases MT-Bind-
ing Affinity to Promote Synaptic Vesicle
Transport
(A) Prediction of the motor head of C. elegans
UNC-116 (8-358aa) modeled on SWISS-MODEL
and rendered using PyMOL.
(B) Rescue of DD remodeling defects of tba-
1(gf) dlk-1(0) animals by transgenes expressing
UNC-116(E273A). No rescue was observed with
WT kinesin-1 transgenes. Data are represented as
mean ± SEM; n = 30 animals per genotype. Sta-
tistics: one-way ANOVA followed by Tukey’s
posttest; ***p < 0.001, ns.
(C and D) Images and quantification of D neuron
synapses in the VNC of unc-104(lf), unc-104(lf);
unc-116(ju972), and unc-104(lf); unc-116(ju977)
animals expressing juIs1 (Punc-25-SNB-1::GFP).
White asterisks represent DD and VD cell bodies;
white arrows indicate synapses. The scale bar
represents 10 mm. Statistics: unpaired t test; ***p <
0.001.
(E) Schematic of bidirectional synaptic vesicle
transport along the commissure during DD re-
modeling. Solid arrow represents the anterograde
direction, i.e., toward the DNC.
(F) Representative kymographs of synaptic vesicle
transport along the DD commissure. Solid arrow-
heads indicate vesicles moving in the anterograde
direction, and open arrowheads indicate vesicles
moving in the retrograde direction. Vertical lines on
the kymographs represent stationary puncta and
also indicate intensity differences of SNB-1::GFP
along the commissure.
(G and H) Quantification of direction of movement
(G) and number of mobile vesicles (H) during DD
remodeling. Data are mean ± SEM; n = number of
animals (shown in G). Statistics: one-way ANOVA
followed by Tukey’s posttest; ***p < 0.001, **p <
0.01, ns.alone, and further investigation will be required to tease apart the
various factors that affect MT-motor interactions in different
cellular contexts in vivo.
Our observations also highlight the importance of MT dynamic
instability in kinesin-1-mediated transport. MT-PTMs like tyrosi-
nation and acetylation have been associated with modulating
kinesin-1 binding and velocity [23]. Although we did not detect
gross changes in MT-PTMs in tba-1(gf) dlk-1(0), we find that
modulation of MT dynamics using nocodazole could rescue
defective DD remodeling, indicating that any changes in
MT-PTMs were secondary to an increase in the dynamic MT
population. In cultured hippocampal neurons, kinesin-1 displays
increased affinity to the axon initial segment, which is rich in dy-
namic MTs, to regulate polarized axonal transport [42]. A recent
study also found preferential binding of kinesin-1 to GTPgSMTs,
which are believed to mimic the plus ends of growing MTs [43,
44]. These observations, together with this study, support the
idea that growing MTs themselves promote kinesin-1-depen-Current Biology 25, 1594–1605, June 15, 2015dent axonal transport. Upregulation of ki-
nesin-1 is essential for learning induced
synaptic changes [39]. Our findings un-
derscore the importance of dynamicMTs in coordinating motor and cargo interactions necessary
for structural synaptic plasticity.
EXPERIMENTAL PROCEDURES
C. elegans Culture
Strains were maintained at 20C on normal growth medium (NGM) plates un-
less noted otherwise. Information on alleles and genotypes of strains is sum-
marized in Supplemental Experimental Procedures. To collect L1 animals,
we placed 20–30 gravid adults on a seeded NGM plate to allow egg laying
for 2 hr. The hatched L1s were collected 10 hr later. tba-1(gf) and tba-1(gf)
dlk-1(0) animals showed a 10- to 12-hr delay from egg lay to hatching; thus,
hatched L1s were collected 22 hr later.
Fluorescent Imaging of Synapses and Axons
L4 animals of the relevant genotypes were cultured at 20C overnight, and day
1 adults were imaged using a Zeiss LSM 710 confocal microscope. Animals
were anaesthetized in 0.6 mM levamisole on 2% agar pads for image acquisi-
tion. z stacks were generated from slices of 0.6-mm thickness. Images were
processed using ZEN lite software. Synaptic puncta and axon outgrowthª2015 Elsevier Ltd All rights reserved 1603
defects were quantified manually using a Zeiss Axioplan 2 microscope equip-
ped with Chroma HQ filters. For information on antibodies and EBP-2::GFP
imaging, refer to Supplemental Experimental Procedures.SNB-1::GFP Trafficking
L2 stage animals (14–18 hph at 20C) were collected for analysis and anes-
thetized using 30 mM muscimol on 10% agarose pads. 4D imaging was per-
formed using a Yokogawa CSU-X1 spinning disc confocal head placed on a
Nikon Eclipse Ti confocal microscope equipped with a Piezo Z stage for fast
Z acquisition and a Hamamatsu Lineage EMx2-IK camera (1,024 3 1,024
active pixels), controlled using mManager. The entire DD commissure was
visualized in 5–6 slices (180 ms/slice), and images were collected for 20
frames with an interval of 300 ms between each frame. The resulting movies
were analyzed using Metamorph (Molecular Devices) to generate kymo-
graphs for analysis of number, velocity, and direction of movement of synap-
tic vesicles. Particles with a velocity <0.5 mm/s were removed from the
analysis.Nocodazole Treatment
L1 animals were placed on seeded 10 mM nocodazole or buffer control (M9
containing DMSO) plates and incubated for 9 hr at 20C. The animals were
then transferred to unseeded plates for 10 min to remove bacteria containing
the drugs and subsequently moved to freshly seeded NGM plates until day 1
adult stage. These animals were then used for imaging synaptic remodeling
and MT dynamics.Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5. Normal distribu-
tion of samples was tested using the D’Agostino-Pearson omnibus normality
test. Significance was determined using unpaired t tests for two samples,
one-way ANOVA followed by Tukey’s multiple comparison tests, and two-
way ANOVA followed by Bonferroni posttests for multiple samples.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.04.061.AUTHOR CONTRIBUTIONS
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